The genetic diversity of the north and western European subspecies of honey bee, Apis mellifera mellifera (the "dark bee") is severely endangered due to hybridization with introduced bees of evolutionary branch C. Genetic variability of native honey bees in the north-eastern part of Poland, including a special isolated breeding zone in the Augustów Forest, has been investigated using mitochondrial DNA and nuclear microsatellites. These involve analysis for alien haplotypes of the tRNA leu -COII region and presence of diagnostic alien alleles respectively, in conjunction with a Bayesian model based approach. We found that approximately 10 to 30% of the nuclear gene pool and 3 to 50% of mitochondria in the studied populations were derived from non-native bees. Our data revealed the presence of hybrids in populations formerly considered to be the most pure populations of dark bees in Poland. We suggest that the Bayesian analysis of admixture based on nuclear microsatellites provides a reliable tool for measuring introgression in dark bees, which should be routinely used for evaluation during conservation programmes.
Introduction
The original distribution range of the honey bee (Apis mellifera) included Africa, Europe (except the northern part) and the Near East. Within this large area the species was differentiated into several evolutionary branches. Up to 29 subspecies have been distinguished on the basis of morphological traits (Ruttner et al., 1978; Ruttner, 1988; Sheppard and Meixner, 2003) and these were originally grouped into three main branches: African (Branch A); north-Mediterranean (Branch C); European (Branch M). Additionally, the lines Middle-East (O) and Yemen (Y) were identified (Franck et al., 2000) and some clades were rearranged within existing branches (Garnery et al., 1992; McMichael and Hall 1996; Franck et al., 1998,) . These distributions were generally confirmed on the basis of allozyme variation (Badino et al., 1982; Sheppard and Huettel, 1988; Bouga et al., 2005; Ivanova et al., 2007) , sequences of mtDNA (Garnery et al., 1992 (Garnery et al., , 1993 (Garnery et al., , 1998 De la Rúa et al., 2004; Harizanis et al., 2006; Kandemir et al., 2006; Haddad et al., 2009) , unique sequences of nuclear DNA restriction fragment-length polymorphisms (RFLPs) (McMichael and Hall, 1996) , microsatellites (Estoup et al., 1995; Frank et al., 1998; Garnery et al., 1998b) and single nucleotide polymorphisms (Whitfield et al., 2006) .
Despite the wide distribution of the honey bee and the large areas occupied initially by evolutionarily discrete units recognized within the species, the genetic diversity of local varieties of this ecologically and economically very important species is currently severely endangered due to introduction of alien genotypes by man (De la Rúa et al., 2009 ). In Europe there were originally three evolutionary branches:
Branch M (subspecies A. m. mellifera, the "Dark European honey bee") living in the British Isles (Carreck, 2008) and western and northern Europe from the Atlantic coast to the Ural Mountains and Branch C (A. m. ligustica, A. m. carnica and A. m. macedonica) existing south of the Alps and the Carpathian mountain ranges (Ruttner, 1988; Sušnik et al., 2004; Dall'Olio et al., 2007; . The third evolutionary branch, A (African) is represented in the Mediterranean region as a result of secondary contact between European and African subspecies of bees (Cánovas et al., 2008) . The problem of extinction of the west and north European subspecies A. m. mellifera due to hybridization has been noted in several European countries, resulting in the establishment of organizations aiming to protect this subspecies, such as the Societas Internationalis pro Conservatione Apis Melliferae Melliferae (SICAMM) . In Germany, where the introduction of new lines was carried out especially efficiently, the autochthonic form of honey bee no longer exists, and all individuals are currently hybrids of subspecies: A. m. mellifera, A. m. carnica, A. m. ligustica and A. m. caucasica (Kauhausen-Keller and Keller, 1994) . In Poland such admixture was somewhat delayed, compared to Western Europe (Gromisz, 1997) . The area of Poland was initially inhabited mainly by A. m. mellifera, of evolutionary branch M. Only in the southern part of the country bees of evolutionary branch C, A. m. carnica occur (Gromisz, 1967) . There was, however, a strong diversification of local races, differentiated not only by morphological traits, but also by various behavioural and breeding characters important for present day breeders. These include , honey gathering efficiency and resistance to negative environmental impacts (Prabucki and Chuda-Mickiewicz, 1996; Wilde et al., 2002a; 2003) . In recent decades (especially since the 1960s) bees from other subspecies were introduced for bee breeding, mainly from south-eastern Europe. These were predominately Carniolan bees, A. m. carnica and their import resulted in severe disruption of the species' gene pool. Genetic variation of A. mellifera in Poland has been only poorly investigated, and mainly for morphological and economic traits. Investigations of 389 colonies in the 1950s indicated that, only 35% of them displayed the morphological criteria of A. m. mellifera (Gromisz, 1997) . Recently, Meixner et al. (2007) examined a large sample of bees from the eastern part of Poland using morphometrical analyses and concluded that bees from the northern part of this area could be unambiguously classified as A. m. mellifera.
The proportion of uncertain allocations increased towards the south, where some samples were classified as hybrids between A. m. mellifera and subspecies of the C branch. Until now, however, no efforts have been made to quantify the introgression of genes from the C branch into the gene pool of honey bees in Central and Eastern Europe. Gromisz (1972; 1981; 1997) suggested that the only source of native genetic variants in Poland is specific breeding lines, selected for morphological traits connected with the A. m. mellifera phenotype.
Four lines of such bees are included in the conservation programme of native dark bees in Poland. Two, Augustowska (in the Augustów Forest near the Polish-Lithuanian border) and Kampinoska (in the Kampinos National Park), have been preserved in their original habitats since the 1970s, whilst two others, Północna and Asta, were improved without loss of the characteristics of their native ancestors.
In the present study, we examine the genetic variability of the Augustowska and Północna (Northern) breeding lines that exist in the north-eastern part of Poland. Both lines were established from stock obtained within the region, believed to be one of the few areas of occurrence of native dark bees in Poland. Because of massive importation of bees from other parts of Europe and the Caucasus, protected populations are subjected to possible introgression of genes from bees of Branch C. In order to examine the level of admixture with non-native genes we used nuclear and mitochondrial DNA markers (PCR-RFLP analysis of mtDNA and nuclear microsatellites) since the two types of markers could show discordant patterns of differentiation in honey bees (Franck et al., 2001; Kraus et al., 2007) .
Our results were intended to serve as a measure of the effectiveness of conservation in a lowland area where isolation of breeding populations is achieved only by distance.
Materials and methods

Sampling and DNA extraction
Sampling of material was designed to comprise three zones differing in conservation regime: 1. the core area of protection in the very heart of the Augustów Primeval Forest; 2. the isolation zone with respect to the core area, of approximately 10 km diameter, where breeding of bees other than A. m. mellifera is forbidden by law; 3. In this material, DNA had to be extracted from a smaller quantity of tissue, because only the studied bee parts (wings and tongues) were taken and preserved in 90% ethanol for future examination. Control reciprocal analyses showed, however, that the source of tissue for DNA extraction has no effect on genotyping results. DNA from all samples was extracted with a standard Chelex 100 protocol (Walsh et al., 1991) . Extracted DNA was stored at -20°C until used for amplifications.
Mitochondrial DNA analysis
The main aim of the study was to assess changes in the gene pool of native Polish bees, representing Branch M, due to introduction of individuals from Branch C. Considering this introduction was presumably the result of importation of queens, the analysis of maternally inherited mitochondria should provide relevant information. Using PCR, the mtDNA region including the tRNA Leu gene, the COI-COII intergenic region and the 5' end of the COII gene was amplified with primers E2 118 Oleksa, Chybicki, Tofilski, Burczyk (5'-GGCAGAATAAGTGCATTG-3') and H2 (5'-CAATATCATTGATGACC-3') according to the well established protocol described by Cornuet et al. (1991) . This mtDNA region is especially appropriate for distinguishing between C and M branches because its variability results mainly from a varying number of sequences called P and Q (presence or absence of the P sequence, number of repeated Q sequences, possible small deletions; Garnery et al., 1998b) . Within the C branch, the corresponding fragment size (ca. 570 bp) is relatively small due to absence of a P sequence and presence of only a single Q sequence.
In general, bees of the M branch have a larger amplicon size, resulting from the combined presence of a P sequence and at least one Q sequence. In the most common European haplotype, M4, there is one P sequence and two Q, so the total size is 825 bp.
We amplified the studied mtDNA region from three bees representative of each colony in a PCR reaction of total volume 15 μl (7.5 ml of Qiagen PCR Master Mix, BSA, primers E2 and H2, and deionised water to the total volume) and ran 5 μl of the product on 1% agarose gel to estimate the total size of the amplified fragment.
The remaining part of the product was digested with the restriction enzyme DraI, and the resultant fragments were separated on 2% agarose gels. Banding patterns were photographed with CCD camera under UV light and analyzed using a computerized gel documentation system (Quantity One ver. 4.6.5, Bio Rad; USA).
Most haplotypes of the M branch could be easily interpreted through DraI analysis. Nevertheless, the length difference between 
Microsatellite analysis
In the study we used nine nuclear microsatellite loci: A7, A24, A28, A88, A113, Ap43, Ap55, Ap66, and Ap81 (Solignac et al., 2003) , (1998b) we recalculated the estimated fragment sizes, assuming that the most common allele in other dark bee populations (usually frequency > 0.5) was also the most common allele in the studied bees of NE Poland, and calculating the sizes of other alleles in relation to that most common allele. We confirmed such an approach by sequencing of alleles (see above) and comparing sequences with previously published microsatellite sequences (for Accession Numbers, see Solignac et al., 2007) .
Genetic structure parameters were calculated using 93 queen genotypes, inferred from worker genotypes, based on a maximum likelihood procedure available in MLTR software ver. 3.2 (Ritland, 2002) . Because queen genotypes were identified based on the assessment of bees of a given colony there is a small probability of were computed using GenAlEx (Peakall and Smouse, 2006) . HardyWeinberg ratios were computed separately for the four studied "populations" or zones: Augustowska from the core area of protection, Augustowska from the isolation zone, Północna and carnica). Deviations from Hardy-Weinberg equilibrium and population differentiation were assessed using exact tests implemented in GenePop ver. 4.0 (Rousset, 2008) . Genetic structuring (F ST ) according to the method of Weir and Cockerham (1984) was computed with FSTAT ver. 2.9.3 (Goudet, 2001 ). The analysis of molecular variance (AMOVA) was performed using the program Arlequin ver. 2.0 (Excoffier et al., 1995) . Finally, we inferred relations between studied populations with cluster analysis. Allelic frequencies were used to compute the matrix of genetic distances (chord distance of Cavalli-Sforza and Edwards, 1967 ) and a neighbour-joining tree was inferred with PHYLIP package (Felsenstein, 2009 ) and visualized in MEGA (Tamura et al., 2007) .
Numbers of sampled colonies differed among the localities. To deal with the problem that large samples are expected to have more alleles than small samples, we employed rarefaction, a statistical technique allowing for comparison of samples of different size (Hurlbert, 1971) . Estimation of allelic richness was performed with HP -Rare ver. 1.1 (Kalinowski, 2005) .
Estimation of degree of admixture
For the mitochondrial genome, introgression at a population level could be simply measured as the proportion of colonies with haplotype C of the tRNA leu -COII region. In contrast to haplotypes M and A, haplotype C possesses no P sequence and only one Q sequence. There is no evidence that such a completely different haplotype originally existed within M branch, thus its presence within M branch should be interpreted exclusively as a result of introgression (Franck et al., 1998) .
Hybridization between native and introduced honey bees was also examined in the nuclear genome (microsatellite loci) by the Bayesian statistical method implemented in the STRUCTURE ver. 3.2.1 (originally described in Pritchard et al., 2000) . We used the admixture model, which assumes that each individual (i)
has inherited some fraction of its genome from ancestors in all K populations, and the correlated allele frequency model. Such assumptions seem to be the most reliable in the case of the honey bee, but were also proved to be superior for detecting structure between closely related populations (Falush et al., 2003) . In order to compare introgression estimates obtained under different assumptions, the analyses were also performed under a nonadmixture model with the assumption of independent allele frequency. Five runs for each K-value, ranging from 1-10, were used to find the most likely uppermost level of structure, with an ad hoc statistic of delta K (Evanno et al., 2005) . As a result the number of populations that has contributed to the gene pool of the studied population was estimated as K = 2. We thus report results only for K = 2.
A burn-in of 50,000 iterations, followed by an MCMC (Markov Chain
Monte Carlo algorithm) of 1,000,000 iterations was applied. In the analysis only queen genotypes, inferred from workers genotypes, as We used only one sample of bees from C branch as a reference for the source population of introgression. It was, however, possible that different bees representing C branch were imported and usefulness of such a single reference population could be problematic.
Therefore, we verified our results from Bayesian clustering with an independent approach based on the frequency of microsatellite alleles diagnostic for the C evolutionary branch according to the formula IR = Δp i / Δq i , where p i is the frequency of i-th diagnostic allele in the studied population and q i is the corresponding frequency in C-branch population (Garnery et al., 1998b) . For computation, we used a set of 
Results
Mitochondrial DNA analysis
Three mtDNA haplotypes were revealed by DraI restriction digestion of the tRNAleu-COII intergenic region (Fig. 1) . In the carnica sample, only haplotype C2 was recorded. The most common haplotype M4 occurred in 64.6% of the bee colonies of NE Poland. It was followed by C2 (32.9%) and M4' (2.5%). More detailed analysis of C haplotypes sequences showed that two types of C2 haplotype (C2c and C2d) were present in the studied populations. Sequencing of a larger sample would however be necessary to estimate their frequencies.
There were significant differences in geographic distributions of tRNA leu -COII haplotypes between the two breeding lines (Fig. 1) . In general, the number of colonies with haplotypes originating from the M branch was higher in the Augustów primeval forest. As much as 76.5% of colonies from the Augustowska breeding line represented M haplotypes, while in the Północna breeding line, native and alien haplotypes were observed at equal frequency.
The pairwise multilocus F ST estimates based on mitochondrial haplotype frequencies showed a different pattern from those based on microsatellites (Table 3) These results are well supported by neighbour-joining cluster analysis based on genetic distances (Fig. 2) . When the same analysis was performed with microsatellite data, bees from the two parts of the Augustów Forest clustered together very closely. The analysis based on haplotype frequencies showed that bees from the isolation zone of the core area of protection fall closer to the Północna population due to a similar degree of introgression of C haplotypes.
Results from AMOVA showed that more than 40% of the total haplotype differentiation was attributable to differences within populations (Table 4) . When the carnica sample was excluded from the AMOVA, 81% of the total variance was due to haplotype differentiation within the population; and no differentiation was observed between the Augustowska and Północna breeding lines.
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Nuclear microsatellite DNA analysis
All nine microsatellite loci were polymorphic in the material studied. In the sample of queen genotypes, there were 73 alleles at nine loci, where 42 alleles could be described as rare, with a frequency of 5% Table 2 , which also provides the observed AMOVA based on microsatellite data (Table 4 ) revealed a high differentiation between bees from NE Poland and the carnica sample (24% of the total variance), although most of the genetic variation was observed within populations. When carnica bees were excluded from the analysis an even greater proportion of the total variation (>90%) was found within populations, while differentiation between the two studied breeding lines of dark bee (Augustowska and Północna) was not significant.
Estimation of introgression
The frequency of colonies with mtDNA haplotypes originating from the C evolutionary branch was differentiated between the two breeding Among the Augustowska bees, colonies from the core area of the closed breeding region (locality Płaska) had slightly higher value of IR than bees from the isolation zone (mean values 16.9% and 14.4%, respectively), but the difference was not significant by U-test.
Estimates of q i and IR were highly correlated (r = 0.700, p < 0.001), 
Discussion
The data presented here show that the conservation programme of A.
m. mellifera in Poland has proved successful. Although in some apiaries there was a considerable introgression of genes from the C evolutionary branch, in the strictly protected closed breeding region a Introgression in A. m. mellifera in Poland large proportion of the gene pool was characteristic of native bees.
Our data also revealed the need for adjustments in present management strategies in order to ensure improved spatial isolation of the breeding region and better control of the genetic identity of those bees. This is the first research based on molecular markers, to confirm the presence of a viable population of A. m. mellifera in Poland, although there have been numerous morphometric studies (Gromisz, 1967; 1972; 1997; Meixner et al., 2007) which concluded that bees from northeastern part of the country could be classified as representatives of the native subspecies. Presence of the M haplotype in Poland is mentioned only in one abstract (Pedersen, 2002) (Gromisz, 1997) . Even recent studies have concluded that bees in this area are A. m. mellifera (Meixner et al., 2007) . At earlier stages subspecies identification was based on measurements of cubital index, width of fourth tergite and proboscis length (Gromisz, 1967; 1981; Rostecki et al., 2007) . Currently multiple measurements of forewing venation are used for identification (Gerula et al., 2009) . Those methods proved inadequate for detection and elimination of hybrids, as the data presented here reveal substantial residual introgression from the C evolutionary branch.
In most cases estimates of mitochondrial introgression were higher than those of nuclear, with the exception of the core area of the closed breeding region of the Augustowska line, where C haplotypes are rare, but introgression estimated for nuclear loci is about 11%. A similar pattern was reported by Garnery et al. (1998 b) and it could be a result of ancestral importation of queens, before the protection of native bees had started. In such a case, alien mtDNA could have remained in the studied population at a high proportion because daughters were kept in breeding. On the other hand, nuclear genes, which are bi-parentally inherited, could have been efficiently diluted through mating with local males (in the honey bee, queens mate with a nearly panmictic sample of males; Oldroyd et al., 1995; Baudry et al., 1998) . This is because beekeepers can control the genetic identity of queens, but cannot control the matings these queens experience. In previous studies of protected European honey bee populations (Jensen et al., 2005a; Soland-Reckeweg et al., 2009 ) they were isolated mainly by topography (mountain valleys) or water (islands). Genetic study of the efficiency of spatial isolation in mountain valleys showed that even 15 km between drone and queen colonies is not enough to eliminate gene flow (Jensen et al., 2005 b) .
The radius of the closed region of breeding in the Augustów Forest is much smaller (ca. 10 km), thus being within the flight range of drones, given the flat, lowland topography. Nuclear DNA markers show that genes from outside the protected area can gain entry.
The usefulness of molecular genetic markers in discrimination of purebreds from hybrids should be interpreted with caution. The precision of estimates of introgression from unlinked loci depends on their number and distribution throughout the genome. The nine microsatellite loci studied could be considered as physically unlinked.
Loci Ap55, A24, Ap81, A28 and A113 are on different chromosomes
(1, 7, 9, 14 and 16, respectively), while four others are on the same chromosomes (Ap43 and Ap66 on 3, and A7 and A88 on 8), but at relatively large distance from one another (87.6 and 65.4 cH, respectively, Solignac et al., 2007) . We can therefore expect these to yield reliable estimates of introgression.
Data from DNA markers, both mtDNA and microsatellites, provide 126 information that can be actively used as a tool in conservation management of preserved breeding populations that have experienced hybridization with non-native bees (Jensen et al., 2005) .
Currently, bees from the protected populations of Poland and most other populations in Europe are evaluated by morphometric analyses.
Our results show that morphometry may be insufficiently precise to allow for correct identification of hybrid individuals. Genetic markers used in this study have the potential to increase the genetic purity of introgressed A. m. mellifera populations because colonies with high levels of introgression can be readily identified and eliminated from breeding stock.
The potential pitfall of marker assisted selection is that the relation between markers and the genes responsible for phenotypic traits is unknown. We must keep in mind that the final goal of 
